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The objective of this study was to determine the deflected wing shape and the out-
of-plane loads of a large-scale carbon-composite wing of an ultralight aerial vehicle using 
Fiber Bragg Grating (FBG) technology.  The composite wing was instrumented with an 
optical fiber on its top and bottom surfaces positioned over the main spar, resulting in 
approximately 780 strain sensors bonded to the wings.  The strain data from the FBGs 
was compared to that obtained from four conventional strain gages, and was used to 
obtain the out-of-plane loads as well as the wing shape at various load levels using 
NASA-developed real-time load and displacement algorithms.  The composite wing 
measured 5.5 meters and was fabricated from laminated carbon uniaxial and biaxial 
prepreg fabric with varying laminate ply patterns and wall thickness dimensions. A three-
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Fiber optic sensors are being increasingly used in many composite structural 
applications [1]. A fiber Bragg grating (FBG) is a type of reflector etched in the core of
an optical fiber that reflects particular wavelengths of light and transmits all others, 
enabling its use as an optical sensor. FBGs have been applied to advanced composite 
transport wings and composite over-wrapped pressure vessels to monitor strain fields that 
were previously determined by computational procedures [2, 3].  Banks et al. used both 
surface mounted and embedded fibers on a Kevlar composite over-wrapped pressure 
vessel to obtain strain field measurements during stress rupture tests [3]; Wu et al. 
developed a technique that used temperature measurements from fiber data for 
thermographic detection of flaws in composite materials [4]; FBGs have also been used 
to detect the presence of some gases, such as hydrogen [5].  A primary benefit of the 
FBG technology is the multiplexability of FBGs that enables the monitoring of a high
density of strain distribution using a single fiber [4].  In applications that require a large 
numbers of sensors, significant cost savings per sensor are realized when compared to the 
installation cost of conventional foil strain gages [6].  Other benefits include their 
immunity to electromagnetic interference and resistance to corrosion [1]. Table 1.1 gives 












Table 1.1 Summary of FBG attributes [1, 5-7]. 
FBG Attributes









FBG technology quickly gained consideration as a structural health monitoring 
(SMH) tool due to its many attributes, such as the extremely small size and light weight 
of the sensors. Soller et al. [8] gave an overview of using embedded FBGs for SHM of a 
variety of carbon-composite structures.  Richards et al. [1, 9] used the spatial resolution 
and equal spacing of FBGs to monitor the real-time in-flight structural response of the 
Ikhana and Global Observer UAVs. The failure of the highly flexible UAV Helios 
demonstrated a need for a shape sensing method that could be used to monitor and 
subsequently control the wing shape [9].  Therefore, using FBG technology, NASA 
developed a displacement measurement approach that was demonstrated computationally 
[10]. To supplement the deflection algorithm, NASA also developed a load measurement 
approach using FBG technology. The strain-based algorithms were validated 
experimentally by determining the out-of-plane deflections from the deflection algorithm
and bending moments on small monolithic aluminum plates from the loads algorithm
[11]. The loads algorithm was not fully implemented.  
In this study, an all-composite aircraft wing was statically tested using FBG 
technology, and both the deflection and out-of-plane loads algorithms were tested and 
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validated. The in-plane strain data from the FBGs was used to determine the out-of-plane 
deflection, loads, and stiffness of a composite wing of an ultralight UAV [12].  NASA-
developed deflection and load algorithms [13, 14] were used to determine the elastic 
curve of the wing and to obtain the out-of-plane load distributions [12].  The wing was 
instrumented with two optical fibers along the main spar, one on the upper skin and one 
on the lower skin. Each optical fiber consisted of approximately 390 photo-induced FBG 
sensors spaced every 12.5-mm.  These measurements were compared to four surface 
mounted strain gages and a displacement sensor.  Both concentrated and distributed load 
cases were performed.  A whiffletree mechanism was used to apply distributed loads to 
the wing structure to simulate an in-flight loading condition.  The resulting FBG strain 
measurements were compared to those obtained from conventional strain gages.  
A brief overview of the principle of strain measurement using FBG sensors and a 
description of the displacement and loads calculation methods are given in Chapters II 
and III, respectively.  In Chapter IV, the material and geometry of the wing structure are 
given, followed by the experimental procedure in Chapter V.  Results and discussion are 






PRINCIPLE OF FBG SENSORS FOR STRAIN MEASUREMENT
An FBG is a filter consisting of a series of photo-induced refractive planes in the 
core of an optical fiber that is composed of cylindrical shaped silica glass [2, 5].  The 
center of the fiber is surrounded by a silica cladding with a slightly higher index of 
refraction than the core to enable the formation of a wavelength inside the fiber.  The 
fiber used in this study was a single-mode fiber, with a Bragg wavelength of 
approximately 1546-nm and a cladding diameter of approximately 125-μm. [1].  A 
single-mode fiber is designed to carry a single ray of light or mode, and requires a single 
light source. Each FBG is defined with a unique wavelength that changes with induced 
strain. The refractive planes in an FBG are called Braggs planes, which are produced 
when two opposing light sources interfere constructively.  Stretching an FBG causes a 
shift in the sensor’s index of refractivity.  As illustrated in Fig. 2.1a, when a wavelength 
tunable laser propagates light through the FBG, a narrow bandwidth of the laser is 
reflected back causing interference, while the remaining light is transmitted to the 
remaining FBGs [3].  The FBG strain is obtained from the Bragg wavelength, λb, which is 
in the center of the reflected wavelength range and can be expressed as [4]  








In Eq. (2.1), n is the effective refractive index of the fiber core, and Λb is the Bragg planes 
spacing. As shown in Fig. 2.1b, a shift in the reflected wavelength occurs from λR1 to λR2 
when a Bragg grating sensor is elongated by an induced strain from L1 to L2 [8]. These 
shifts generally occur in a linear response to the strain, ε, which can be expressed as 
 ∗ ε  . (2.2)
  
In Eq. (2.2), λ is the wavelength peak, λb is the Bragg wavelength, and Pe defines the 
effective strain range of the fiber and is known as the first-order strain-optic coefficient 
[1, 3, 15]. A typical value of the first-order strain-optic coefficient is approximately 
0.1667 [1]. 
Figure 2.1 Principle of fiber Bragg Grating  
(a) light propagation and reflection through the core of the fiber [3] and (b) wavelength 





One of the main benefits of using fiber optic strain sensors is the multiplexability 
of the strain sensors on a single fiber.  Multiplexability enables the measurement from
multiple strain sensors along the length of an optical fiber using a single light source.  A 
method used to acquire the multiplexed FBG data is the Optical Frequency Domain 
Reflectometry (OFDR) technique.  In OFDR, the spatial domain of each FBG is 
established along the length of the optical fiber by the unique frequency of each FBG and 
the time of the reflected wavelength of the FBG to return.  As shown in Fig. 2.2, the total 
reflected light can be represented as a summation of the reflected light from multiple 
FBG in the optical fiber. Using an optical network, the system can also accommodate 
multiple optical fibers, as shown in Fig. 2.3 [1].  The laser, which has a tunable swept 
wavelength, provides the excitation for both the FBG sensors and the reference arm of 
the optical network. Ninety-five percent of the light from the tunable swept laser is 
partitioned equally to the FBG sensing fibers by a light splitter, and the remaining five 
percent of the light is directed to the reference arm to generate the sampling clock from 
which the FBG sensing fibers are sampled.  The reflected wavelengths from the FBG 










Figure 2.2 Light propagation and reflection through a fiber with multiple Bragg 
gratings [1]. 
Figure 2.3 Fiber optical network with reference arm [1].
For this study, an FBG measurement system, developed by the NASA Dryden 
Flight Research Center (DFRC) for both ground and flight testing, was used [1].  In the 
spatial domain, each FBG wavelength reflection corresponds to a unique location on the 





   
(FOSS) system with a display of the FBGs in a spatial domain.  The FOSS system
displays the computed strain in an output chart in real time, as shown in Fig 2.4b.  A 
LabVIEW® [16] program was written to record the strain data from the FOSS system 
and can be found in Appendix A. 
Figure 2.4 8-channel FOSS system







THE DISPLACEMENT AND LOADS ALGORITHMS 
One of the most desirable aspects of using FBGs is the ability to obtain a large 
quantity of accurate strain measurements on a structure using a single optical fiber.  The 
FBG strain data can be used to accurately determine the deflection shape, externally
applied loading, and structural properties, such as the flexural rigidity  [1]. In this study, 
the in-plane FBG strain data was used to determine the deflection and out-of plane loads 
of a prismatic beam and a carbon-composite aircraft wing. 
3.1 Flexural Stress Formulation for the Deflection and Load Algorithms 
Since the deflection and the loads algorithm are based on the flexural stress 
equation obtained from classical beam theory (CBT), a brief overview is presented.  CBT 
covers the case of small deformations, and is used to calculate the loads and deflections 
of beams. 
Figure 3.1 shows the Cartesian coordinate system used for the plane beam 
analysis of this study. The x-axis lies along the longitudinal axis of the beam of length L; 
in the plane of the beam’s cross-section, the y-axis is vertically upward and the z-axis is 
directed along the neutral axis, forming a right-handed coordinate system. 















where My and Mz are the bending moments about the y and z axes, respectively. The 
centroidal moments of inertia about the y and z axes are denoted by Iy and Iz, respectively 
and the product moment of inertia is Iyz. In Eq. (3.1) y and z are the coordinates of the 
point of interest and are measured from the neutral axis.  A loading applied in the 
longitudinal plane of symmetry produces bending moments only about the z-axis, and the 
bending stress in Eq. (3.1) can be expressed as 
     . (3.2)
  
Furthermore, if the load is applied through the shear center of the cross-section, the beam 
will bend without twisting, resulting in a neutral axis that is perpendicular to the applied 
loading direction.  The neutral axis will then coincide with the axis of the bending couple, 




Equation (3.3) was used to develop the loads and deflection algorithms since both 
test articles (beam and aircraft wing) were subjected to loads in a manner that minimized 







Figure 3.1 Elastic curve of cantilevered beam. 
(a) deformation of a beam [18] and (b) cross-section of beam. 
3.2 Overview of the Deflection Algorithm 
By taking advantage of the numerous, equally-spaced FBG strain sensors on an 
optical fiber, a deflection algorithm using the surface strain FBG measurements has been 
developed by NASA DFRC [14]. For completeness, a brief development of the 
displacement algorithm follows [10]. 
For linearly elastic materials, Hooke’s Law in one dimension gives the 
relationship between the normal stress and strain as 










Using Eq. (3.4) and the maximum stress obtained from Eq. (3.3), the maximum strain can 
be computed at the distance c (Fig. 3.1b) farthest from the neutral axis using 
     . (3.5) 
Also, from CBT, the differential equation describing the relationship between a beam’s 
deflection and the applied load, can be expressed as [18]   
   . (3.6)  
where M(x) is the bending moment, E is the modulus of elasticity, I is the moment of 
inertia, y is the vertical displacement, and x is the span-wise coordinate, as seen in       
Fig. 3.1a. Using the moment M(x) from Eq. (3.5) in Eq. (3.6), the elastic curve can be 
expressed in terms of the strain as 
  . (3.7)  
The deflection y(x) can be obtained by integrating Eq. (3.7) twice with respect to x and, 
using the proper boundary conditions, can be expressed as [14]  
   
 
. (3.8)
The deflection equation for a cantilevered beam subjected to a tip load can be expressed 




3   1 ε  6  ∑  ε  ε ,				   	1, 2, … , , (3.9) 
where y is the deflection at the FBG station i, ∆L is the spacing between the FBG sensors, 












surface of the beam, and ε is the strain measured at the ith FBG. For demonstration,     
Fig 3.2 shows the elastic curve of a tip loaded cantilevered beam from classical beam
theory (Eq. 3.6) and from Eq. (3.9); using only nine stations (n = 9), excellent agreement 
is obtained. The detailed calculations used to obtain the results shown in Fig. 3.2 are 
given in Appendix B. 
Figure 3.2 Elastic curve of a cantilevered beam subjected to a tip load of 889-N. 
3.3 Overview of the Loads Algorithm 
The out-of-plane loads were determined using the in-plane FBG strains.  As
presented in Section 3.1, the load algorithm [10, 11] was derived from the classical beam
equation for the non-prismatic (varying cross-section) beam by writing Eq. (3.5) as
   . (3.10) 
where M(x) is the bending moment, E is the modulus of elasticity, I is the moment of 












the surface of the beam, ε is the strain, and x is the span-wise location. The moment Mi at 
each sensor location i can be obtained in terms of each FBG strain measurement by 
 є ∗  . (3.11) 
The moment at each station i can also be determined by taking the moment at each 
longitudinal location (L - i ∆L) using
 ∆ . (3.12) 
Using Eq. (3.12) in Eq. (3.11), the flexural rigidity, (EI)i, at each FBG station is obtained 
by using 
 ∗ ∗∆ ∗    (3.13)є  
where P is the applied load, L is the length of the beam, i is the sensor station 
(  1, 2… , ∆L is the spacing between the strain sensors, c is the distance from the 
neutral axis to the sensor, and є is the strain at the ith station. Equation (3.13) is used to 
determine the flexural rigidity of a cantilevered beam by obtaining the strain response for 
a concentrated load at a known location. The flexural rigidity can be used in Eq. (3.11) to 
determine the bending moment, which is subsequently used to calculate the shear loads 
Vi, from
 ∆ ∆  (3.14) 
where xi are the FBG strain sensor locations.  The out-of-plane loads, Pi, are determined 
using the equilibrium of forces shown in Fig. 3.3, and using






Figure 3.3 Cantilevered beam with distributed load and free-body diagram of a beam 
section. 
To ensure the correct implementation of the loads algorithm, the out-of-plane 
loads of a cantilevered beam subjected to three different load cases were determined 
using Eqs. (3.11-3.15). The loading cases included uniform, triangular, and trapezoidal 
load distributions on a cantilevered beam, as shown in Fig. 3.4a.  For each load case, 100 
analytical strain values, with a sensor spacing of 12.5-mm, were calculated for a beam of 
length 3.66-m. The analytical and calculated loads were in excellent agreement, except at 
the last sensing station, as seen in Fig. 3.4b.  This load drop may be attributed to the 
absence of a sensor reading beyond the last FBG sensor, resulting in a calculated load 




 Figure 3.4 Analytical load distributions on a cantilevered beam. 
(a) Analytical load cases and (b) calculated out-of-plane loads for the uniform, triangular 







DESCRIPTION OF TEST ARTICLES 
Two test articles (a prismatic beam and an aircraft wing) were subjected to static 
structural testing, each instrumented with conventional strain gages and FBG sensors. 
The foil gages (Vishay Micro-Measurements CEA-06-125U-350) were installed 
according to the manufacturer’s specification.  A prismatic steel tube was used to verify 
the deflection and load algorithms, and to establish the testing methodology.  Once the 
test protocols were established, the wing structure of an all-composite ultralight aircraft
was statically tested. The wing assembly was subjected to distributed loads to simulate 
an in-flight maneuver using a three-tier whiffletree mechanism that was developed in a 
previous study [19]. 
4.1 Steel Hollow Beam 
To establish benchmark data and test procedures, a cantilevered hollow beam of  
2-m length and an outer diameter of 7x10-3-m and wall thickness of 3x10-4-m was 
subjected to a concentrated tip load. Figure 4.1 shows the beam’s overall dimensions and 
the location of the strain gages and the optical fiber.  The hollow beam was instrumented 
with eight uniaxial strain gages located on the centerline of the lower surface.  A single 









of the beam along the centerline of the upper surface.  Table 4.1 shows the physical and 
engineering properties of the steel beam.  
Figure 4.1 Cantilevered steel hollow beam instrumented with FBGs and strain gages. 









4.2 Composite Wing Structure 
The carbon-composite wing test article has a 5.5-m semi-span, root-chord 
dimension of 0.74-m, and a maximum airfoil thickness at the root section of 0.10-m, as 
illustrated in Fig. 4.2.  The wing does not have aileron or spoiler cut-outs.  Figure 4.3 
shows the wing’s primary structure, which includes the upper and lower skins, a root rib, 
a fore spar, an aft spar, and a main (center) spar.  The main spar protrudes from the root-











Figure 4.2 Carbon-composite wing dimensions. 
Figure 4.3 Composite wing structural components [19]. 












All structural components of the wing are made of woven and unidirectional 
carbon-fiber/epoxy prepreg (Toray composites). The upper and lower skins are sandwich 
composites with a 3.175-mm thick low density foam core (DIAB Divinycell® HT50), 
with engineering properties of the composite materials shown in Table 4.2.  The foam 
core encompasses the wing surface to about 40-mm from the leading edge, trailing edge, 
and side boundaries. 
Table 4.2 Physical and engineering properties of composite materials [19]. 
Material Woven fabric Unidirectional fabric Foam core DIAB 






5.54 x 101 
5.54 x 101 
4.21 x 100 
3.00 x 10-2 
1.49 x 103 
1.19 x 102 
9.31 x 100 
4.21 x 100
3.10 x 10-1 





4.95 x 10-1 
The wing’s structural components are defined by the laminate definitions given in 
Table 4.3. Each structural component was fabricated individually and oven-cured before 
being placed in an assembly jig and adhesively bonded.  Steel lift pins were mounted to 
the root rib before final assembly to provide shear load transfer from the wing to the 















Table 4.3 Laminate definitions of structural parts in Fig. 4.3 at the wing root [19]. 
Part Description No. of Ply patterna 
no. plies
1 Bottom skin 5 (45/0/foam/0/45)T 
2 Top skin 5 (45/0/foam/0/45)T 
3,4 Leading edge 4 (45/0)S 
5 Main spar web 21 (0/45)9/45/45/45 
6 Main spar web root 8 (45/0/0/45)S
7 Main spar 126 45/45/45/[u0]4/0/[u0]10/45/[u0]6/0/[u0]12/45/ 
compression cap [u0]20/0/45/[u0]13/ 
0/45/[u0]10/0/45/[u0]10/0/45/[u0]10/0/45/[u0]5/ 
0/45/0/45 




9 Fore spar web 12 45/0/0/45/45/0/0/45/454 
10 Fore spar 8 (45/0/0/45)S 
compression cap 
11 Fore spar tension cap 8 (45/0/0/45)S
12 Aft spar web 12 (45/0/0/45)2/454 
13 Aft spar compression 8 (45/0/0/45)S
cap 
14 Aft spar tension cap 8 (45/0/0/45)S
15 Root-rib top 12 (45/0/0/45/45/0)S 
16 Root-rib bottom 12 (45/0/0/45/45/0)S
17 Root-rib web 12 (45/0/0/45)2/454
18 Root-rib aft spar 8 (45/0/0/45)S
19 Root-rib web 4 (45/0)S
20 Stub spar 8 (45/0/0/45)S









EXPERIMENTAL SETUP AND PROCEDURE 
A universal test frame (UTF), shown in Fig. 5.1, was used as the support structure 
for the static testing of the prismatic steel hollow beam and the carbon-composite wing 
structure.  Each test article was loaded such that the twist was minimized and a condition 
of pure bending could be used for all cases. 
Figure 5.1 Test setup showing hollow beam and wing structure mounted to the UTF 
for static testing.
5.1 Steel Hollow Beam 
The steel hollow beam (Fig. 4.1) was mounted to the UTF using a fixture which 







as shown in Fig. 5.2a. A tip load was applied to the free end of the steel beam by a 
hydraulic cylinder secured to a floor surface plate.  An aluminum reinforcement plug of 
76-mm in length was used to prevent the free end of the beam from local deformation, as 
shown in Fig. 5.2b. The hollow beam was subjected to four tip load increments, which 
total to a maximum load of 899-N as listed in Table 5.1.  A 50-kN load cell (Interface 
1210BXV-50kN) was mounted to the hydraulic cylinder to monitor the applied load.  A 
displacement gage (Celesco PT1DC) was used to monitor the tip deflection of the beam
at the point of the applied load.  The upper surface of the beam was instrumented with a 
single optical fiber from root to tip.  The fiber had an FBG spacing of approximately   
12.5-mm, for a total of 151 strain sensors.  The lower surface of the beam was 
instrumented with eight conventional strain gages, with a spacing of approximately   
0.26-m.
Figure 5.2 Steel hollow beam experimental setup.  








Table 5.1 Loading sequence for the hollow steel beam. 





5.2 Composite Wing Structure 
The all-carbon-composite wing of an ultralight aircraft was statically tested for 
concentrated and distributed load cases.  During the tests, strain data was recorded and 
used to calculate the flexural rigidity, displacement, and the out-of-plane load 
distributions. The following section describes the loading methodology and 
instrumentation for the composite wing static load tests.
5.2.1 Concentrated loading methodology 
Prior to loading the wing, the strain sensors were balanced to a mean value of 
zero. The wing was subjected to a concentrated load at loading station LS4.  A container 
was suspended from the center of gravity of the wing at LS4 and lead weights were 
placed into the container and data was acquired after each load addition, as shown in   









Figure 5.3 Wing subjected to concentrated load to determine flexural rigidity. 
Table 5.2 Loading sequence for flexural rigidity calculation. 
Load Step Load Applied (N) Total Applied Load (N) 
1 Cradle LS4 + Al. Channel (183.82) 183.82 
2 Bucket (8.87) 192.69 
3 46.62 239.32 
4 46.62 285.94 
5 44.4 330.34 
6 44.4 374.74 
7 44.4 419.14 
8 48.84 467.98 
5.2.2 Distributed loading methodology 
A saddle fixture that simulated the fuselage-wing connection region was used 
with the UTF to mount the wing for testing, as shown in Fig. 5.4.  The load was applied 
in a downward direction, requiring the wings to be inverted when mounted to the UTF.  
The wing was loaded to simulate an in-flight lift distribution, such as a pull-up maneuver, 
by using a three tier whiffletree [19]. The load was transferred from the whiffletree to the 
wings using four cradles placed at the span-wise loading stations, LS1, LS2, LS3, and 






prevent local damage to the wing skins, wood spacers of 25.4-mm thickness were placed 
below the upper cradles over the spar locations and foam strips were placed between the 
lower cradle and wing. The upper and lower cradles were bolted together to minimize the 
twist of the wing during loading; these cradles were attached to the first tier of the 
whiffletree using steel connectors. The second tier of the whiffletree consisted of two 
aluminum C-channel sections and the third was comprised of a single aluminum I-beam.  
The load actuators were attached to a steel surface plate using a flex connector to allow 
rotation during the loading process.  Each actuator was connected to a manual hand pump 
to apply the loading. 
Figure 5.4 Loading methodology for wing structure [19]. 
Table 5.3 shows the loading history for the composite wing.  The thirteen loading 
increments included the weight of the wing, each cradle, each tier of the whiffletree, and 











(2.27-g). After each loading step, five sets of strain data from the FBG sensors and the 
strain gages were recorded and averaged to obtain the final strain value. 
Table 5.3 Loading sequence of the distributed load cases on the composite wing.  
Load Step Load Applied (N) Total Applied Load (N) 
1 Wing (155.68) 155.68 
2 Cradle LS1 (142.74) 298.42 
3 Cradle LS2 (147.27) 445.69 
4 Cradle LS3 (151.68) 597.37 
5 Cradle LS4 (156.12) 753.49 
6 Whiffletree tier 1 (112.09) 865.58 
7 Whiffletree tier 2 (135.67) 1001.25 
8 Whiffletree tier 3 (148.94) 1150.19 
9 222.41 1372.60 
10 444.82 1591.54 
11 667.23 1837.85 
12 889.64 2036.66 
13 1112.05 2269.45 
5.2.3 Instrumentation
Two continuous optical fibers were affixed to the upper and lower surfaces of the 
left wing using Supreme 33 (Master Bond) adhesive.  Installation details can be found in 
Appendix C. The FBG fibers, with a sensor spacing of approximately 12.5-mm, were 
placed from the root to the tip of the wing along the main spar, resulting in a total of 388 
sensors on the upper surface and 390 sensors on the lower surface of the composite wing.  
Four general-purpose strain gages (Vishay Measurements CEA-06-125UR-350), with a 
nominal gage length of 3.175-mm, were installed on the top surface of the wing along the 
main spar, next to the FBG fiber at the four gage stations GS0, GS1, GS2, and GS3.  
Figure 5.5a shows the location of all sensors on the wing structure and Fig. 5.5b shows 
the spacing between the optical fiber and the general-purpose strain gages.  In addition to 
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 the FBG sensors and strain gages on the surface of the left wing, both the right and left
wings were instrumented with a tip deflection gage.  As shown in Fig. 5.4, a load cell 
(Interface 1210BXV-50kN) was placed between the last tier of the whiffletree 
mechanism and the hydraulic loading cylinder.  The wing assembly was attached to the 






Figure 5.5 Composite wing instrumentation. 
(a) Sensor location on the surface of the wing structure, (b) strain gage location next to 
optical fiber and (c) wing planform view showing FBGs and strain gages. 
LabVIEW® software [16] was used with a computer data acquisition system to 




surface mounted fiber on the wing structure) of the FOSS system were used to acquire 






   
CHAPTER VI 
RESULTS AND DISCUSSION 
6.1 Steel Hollow Beam  
Strain measurements were obtained from the sensors along the length of the 
cantilevered steel hollow beam.  The downward tip load on the cantilevered beam
produced compression on the beam’s bottom surface (location of the strain gages) and
tension on the beam’s top surface (location of the FBG sensors).  To compare the 
measurements from the strain gages and the FBG sensors, the absolute value of the strain 
gage data was plotted with the analytical solution and the FBG strain data, as shown in     
Fig. 6.1. Good correlation was obtained between the strain gages and the FBG data at all 
load levels and stations along the beam. However, as the load was increased, the 
difference between the analytical solution and the measured data also increased.  This is 
often observed in the laboratory and attributed to the difficulty in achieving an idealized 
fixed support for a cantilevered beam, as modeled by the analytical solution.  Also, at the 
higher loads, nonlinear behavior is observed which is not represented by classical beam 
theory.
Using the in-plane strains from the FBG sensors, the out-of-plane displacements 
of the beam were computed using Eq. (3.9).  As seen from Fig. 6.2, a good correlation 
was obtained between the analytical solution and the displacement method using the 








Figure 6.1 FBG and conventional strain gage data for a steel hollow beam subjected to 
a tip load. 











The out-of-plane loads were computed using the in-plane strains from the FBG 
strain sensors, described in Chapter V, for each load increment.  The flexural rigidity  
(Eq. 3.13) of the beam was determined by averaging the flexural rigidity over five load 
increments to a maximum load of 897-N.  The flexural rigidity of the steel beam was 
determined because the exact type of steel was unknown.  The effective flexural rigidity 
was used to calculate the corresponding bending moment, shear load, and out-of-plane 
loads, using Eqs. (3.11), (3.14), and (3.15), respectively.  Table 6.1 shows the out-of-
plane load calculations for an applied concentrated load of 897-N at five FBG stations on 
the hollow steel beam.  As shown in Table 6.2, the difference between the applied 
measured load and the load obtained from the FBG strain data are within 2%, thereby
validating the procedure for the displacement and load calculations.
Table 6.1 Out-of-plane load calculation for the steel beam at an applied load of 897-N. 
Location Strain c EI Moment Shear Calculated Applied Difference 
m (10-6) m N*m2 N*m N Load, N Load, N % 
0.39 714.4 0.035 81981.24 1725.41 883.05 0.00 0.00 0.00 
0.55 542.6 0.035 80437.29 1277.09 883.05 0.00 0.00 0.00 
1.08 345.7 0.035 81693.07 805.18 883.05 0.00 0.00 0.00 
1.62 138.4 0.035 85305.77 333.26 883.05 0.00 0.00 0.00 
1.92 52.87 0.035 62897.26 61.91 883.05 -883.05 -896.97 1.55 
Table 6.2 Comparison of applied load and strain-based calculation of out-of-plane 
loads for the steel beam. 





















6.2 Composite Wing Structure 
As described in Section 4.2, the composite wing has material and structural 
complexity.  In order to use the equations developed from CBT, the wing was subjected 
to both concentrated and distributed loads such that the twist in the member was 
minimized and the wing could was assumed to be in a state of pure bending.  To account 
for the varying cross-section along the span, which includes various materials and layup 
configurations, the flexural rigidity was determined at each sensor location.  Furthermore, 
the material complexity of the wing structure was naturally included in the high density 
of FBG strain measurements.
6.2.1 Concentrated load test: out-of-plane load calculation
The out-of-plane loads for the composite wing were computed by using the 
loading sequence given in Table 5.2.  The flexural rigidity for each sensor location along 
the span was determined from Eq. (3.13) by averaging the flexural rigidity over eight 
load increments to a maximum load of 468-N.  The c value was assumed to be the half 
thickness for the wing; however, it is known that this assumption is not entirely correct.  
The averaged flexural rigidity and the strain data from the load case of 468-N were used 
in Eq. (3.11) to determine the bending moment.  The bending moment at each FBG strain 
location was determined and plotted in Fig. 6.3.  The computed bending moments for all 
load cases are in Appendix D. A linear regression fit of the bending moment data was 
performed and used to calculate the shear force using Eq. (3.14).  The out-of-plane loads 
were calculated using Eq. (3.15). Table 6.3 shows the results of the load algorithm for an 









shown in Table 6.3. Table 6.4 shows that the computed out-of-plane loads for the eight 
load increments, up to 468-N, are generally within 2% of the applied loads. 
Figure 6.3 Composite wing concentrated load (468-N) moment calculation and 
regression. 
Table 6.3 Strain based out-of-plane load calculation for the wing at an applied 
concentrated load of 468-N. 
Location Strain c EI Moment Shear Calculated Applied Difference 
m (10-6) mm N*m2 N*m N Load, N Load, N % 
0.13 -498.26 49.73 245325.24 2158.25 475.57 0.00 0.00 0.00 
1.03 -439.48 48.44 167054.17 1730.63 475.57 0.00 0.00 0.00 
1.93 -543.22 46.51 106469.51 1303.02 475.57 0.00 0.00 0.00 
2.82 -506.35 43.47 63571.24 875.41 475.57 0.00 0.00 0.00 
3.72 -361.35 38.38 38359.38 447.80 475.57 0.00 0.00 0.00 








Table 6.4 Comparison of applied loads and calculated FBG strain-based loads.



























6.2.2 Distributed load: FBG strain measurement data 
Using the whiffletree mechanism, the carbon-composite wing structure was 
subjected to a distributed loading condition. Figure 6.4 shows the approximate loading at 
each cradle of the whiffletree for a total applied load of 2269-N (2.27-g).  Figure 6.5 
shows the measured strain distribution from the 778 FBG sensors and the 4 foil strain 
gages at the maximum load of 2269-N.  The strain distribution at each load increment 
listed in Table 5.3 can be found in Appendix D. As seen from Fig. 6.5, the strain gage 
measurements are slightly offset from the FBG measurements; this was expected since 
the strain gages could not be placed directly on the optical fiber and were actually 
mounted approximately 13-mm from the FBGs, as shown in Fig. 5.5b.  At the load of 
2269-N, a linear strain distribution is seen in Fig. 6.5 except at the root of the beam.  The 
non-linear strain data at the root was determined to be the location at which the load 
transitioned from the skin to the main spar, producing the elevated strains seen in        
Fig. 6.5. The high spatial density of the strains from the FBGs also revealed some









designated with open circles in Fig. 6.5 were determined to be locations directly under 
the cradles. 
Figure 6.4 Whiffletree loading for an applied load of 2269-N. 







6.2.3 Distributed load: wing shape 
The measured FBG strains were also used to determine the elastic deflection 
curve using Eq. (3.9). The wing shape at 2269-N (2.27-g) is shown in Fig. 6.6a, and the 
computed elastic curve was superimposed on the deflected wing in Fig. 6.6b.  At this 
loading, the tip deflection was measured to be 0.295-m resulting in a 3.75% difference 
from the computed deflection of 0.284-m; as shown in Table 6.5, the calculated 
deflection values for the load cases are generally within 4% of the measured data. 
Figure 6.6 Composite wing elastic curve.  










Table 6.5 Measured and calculated wing tip deflections.




Deflection δL, m 
% Difference 
1373 -0.184 -0.178 3.02 
1592 -0.209 -0.205 2.29 
1837 -0.241 -0.231 4.08 
2036 -0.265 -0.257 3.23 
2269 -0.295 -0.284 3.75 
6.2.4 Distributed load: out-of-plane load calculation
The FBG strain data obtained from the distributed loading (Table 5.3) was used to 
compute the out-of-plane loads on the wing.  The effective flexural rigidity, determined 
from the concentrated load case, was used to determine the bending moment (Eq. 3.11) 
acting on the wing and is shown in Fig. 6.7. A third-order polynomial regression was 
used to obtain the moment as a function of the span-wise location, which was used to 
compute the shear forces using Eq. (3.14) and shown in Fig. 6.8.  The shear forces were 
then used in Eq. (3.15) to calculate the out-of-plane loads, shown in Fig. 6.9.  Table 6.6 
shows that the computed FBG-based loads are generally within 4% of the measured 
applied loads. It should be noted that the load per sensor and the overall resultant load
can be computed from the load algorithm, but the type of loading cannot be identified, 
i.e., a distributed load or a combination of concentrated loads, nor the locations of the 
applied loads. Appendix E lists the values for the moment and shear forces for all 








Figure 6.7 Calculated moment from FBG strain for resultant load of 2269-N. 




     
 
   
 
 
Figure 6.9 Calculated out-of-plane loads from FBG strains for resultant load of
2269-N. 
Table 6.6 Comparison of applied resultant load and FBG strain-based calculation of
out-of-plane loads.
Applied Load, N Strain-Based Calculated Difference, % 
Load, N 
1370 1355 1.09 
1589 1641 3.21 
1835 1859 1.31 
2033 2116 4.08 







A FOSS system was used to obtain a high density of strain data on a full scale 
composite wing subjected to concentrated and distributed loads.  The experimental and 
analytical methodology for using the FOSS system were established by testing a steel 
tube and comparing the experimental results with the analytical mechanics of materials 
solution of the beam.  The FBG in-plane strain data was then used to obtain the out-of-
plane deflections and loads on a full scale composite wing.
In-plane strains were measured using both conventional foil strain gages and FBG 
strain sensors.  When compared to the foil strain gages, the FOSS system provided a 
much higher density of strain measurements (every 12.5-mm).  The higher density of 
sensors yielded information regarding the structural details of the test articles, such as the 
locations of the load points (cradles from the whiffletree) for the distributed loadings.  
The semi-continuous distribution of the FBG strain data also enabled the determination of 
the wing shape and compared well with data from the four foil strain gages. 
A concentrated load test was performed on the wing to determine the flexural 
rigidity at each sensor location, thus enabling the inclusion of the complex geometry of 
the wing structure along its span.  Additionally, using the large density (390 sensors) of 
strain measurements allowed the capture of the material complexity (variety of materials 




The out-of-plane loads were also determined on the test articles using the in-plane 
strains from the FBG sensors.  The calculated out-of-plane loads compared well with the 
applied loads. It should be noted that the load per sensor and the overall resultant load
can be computed from the load algorithm, but the location of the applied load and the 
type of loading (i.e., a distributed load or a combination of concentrated loads) cannot be 
identified. The measurements from the strain gages and the FBGs were in good 
agreement for all load cases for both test articles.  Previously, the load algorithm had only 
been demonstrated experimentally by determining the out-of-plane bending moments due 
to the loads on small monolithic aluminum plates.  This study demonstrated the viability 
of the NASA-developed load measurement approach by determining the out-of-plane 
loads on a large-scale complex composite structure.   
In summary, the FBG strain measurement technology has been shown to provide 
a high density of accurate strain measurements from which the deflected shape and the 
out-of-plane loads can be determined.  Using this technology, a high cost and time 
savings can be realized. Due to the extreme light weight of the FBG optical fiber sensors 
and the large density of sensor measurements, the following attributes can be stated.  
a. The strain measurements inherently contain material information and 
therefore, provide a homogenized description of a complex material 
system. 
b. Geometric properties can be ascertained by doing simple structural tests.  
In this study, the flexural rigidity was determined from a simple 
concentrated load test and subsequently used for the more complicated 





a structural health monitoring system since simple and inexpensive ground 
tests can be performed to obtain geometric properties that can be used for 
more complicated loadings such as those encountered for in-flight 
conditions. 
c. The high density of measurements reveals much information from which 
structural details as well as the structural response can be inferred.  In this 
study, the wing shape and out-of-plane loads were determined. 
d. Although the exact profile of the out-of-plane loads and their locations 
cannot be determined from the algorithms used in this study, the resultant 
load, the load per sensor, and the deflected shape of the full scale wing 
was determined successfully.
For implementation of the FOSS system in industry, future work needs to be done 
to reduce the cost of the FOSS system and to automate the strain-based algorithms.  A 
technique that develops real-time mathematical models of the raw data is necessary for 
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Figure A.1 Front panel of program used to record fiber strain data.




































1) Clean surface to be instrumented with alcohol and gauze. 
2) Mask off area to be instrumented with painter’s tape, at least 12.5mm on either 
side of sensor location. 
3) Scuff surface with 220-grit abrasive paper to promote adhesion. 
4) Clean surface just sanded with alcohol and gauze. 
5) Before fiber placement, verify that the fiber is functioning and free of damage. 
6) Mask off area to be instruments with painter’s tape, at least 4.5mm on either side 
of the sensor location as shown in Fig. C.1. 
Figure C.1 Final masking area for fiber sensor installation. 
7) Spot tape the fiber in the desire sensor location using flash breaker tape, as shown 












Figure C.2 Spot tape fiber optic sensor in desired location. 
8) Mix Master Bond Supreme 33 A1 epoxy with a 7:4 ratio. 
9) Brush epoxy over fiber with small brushes in a thin layer. 
10) Once epoxy is slightly cured, remove spot tape and fill in voids with epoxy. 
11) Let epoxy fully cure before handling, as shown in Fig. C.3.  















D.1 Strain Distribution Plots for Composite Wing Subjected to Concentrated 
Load. 
Figure D.1 Wing strain distribution subjected to a 184-N concentrated load. 












Figure D.3 Wing strain distribution subjected to a 239-N concentrated load. 
Figure D.4 Wing strain distribution subjected to a 286-N concentrated load. 












Figure D.6 Wing strain distribution subjected to a 375-N concentrated load. 
Figure D.7 Wing strain distribution subjected to a 419-N concentrated load. 










D.2 Moment Plots for Composite Wing Subjected to Concentrated Load. 
Figure D.9 Composite wing concentrated load (184-N) moment calculation and 
regression. 










Figure D.11 Composite wing concentrated load (239-N) moment calculation and 
regression. 










Figure D.13 Composite wing concentrated load (330-N) moment calculation and 
regression. 











Figure D.15 Composite wing concentrated load (419-N) moment calculation and 
regression. 













E.1 Strain Distribution Plots for Composite Wing Subjected to Distributed Load.










Figure E.2 Strain distribution on the composite wing subjected to a distributed load of 
1589-N. 










Figure E.4 Strain distribution on the composite wing subjected to a distributed load of 
2033-N. 











E.2 Moment Plots for Composite Wing Subjected to Distributed Load.
Figure E.6 Calculated moment from FBG strain for resultant load of 1370-N. 











Figure E.8 Calculated moment from FBG strain for resultant load of 1835-N. 
Figure E.9 Calculated moment from FBG strain for resultant load of 2033-N. 











E.3 Shear Plots for Composite Wing Subjected to Distributed Load.
Figure E.11 Shear diagram from FBG strains for a resultant load of 1370-N. 
Figure E.12 Shear diagram from FBG strains for a resultant load of 1589-N. 









Figure E.14 Shear diagram from FBG strains for a resultant load of 2033-N. 










E.4 Load Plots for Composite Wing Subjected to Distributed Load.
Figure E.16 Calculated out-of-plane loads from FBG strains for resultant load of 1370-
N. 










Figure E.18 Calculated out-of-plane loads from FBG strains for resultant load of 1835-
N. 











Figure E.20 Calculated out-of-plane loads from FBG strains for resultant load of 2269-
N. 
E.5 Deflection Plots for Composite Wing Subjected to Distributed Load. 











Figure E.22 Wing deflection subjected to a 1589-N distributed load.
Figure E.23 Wing deflection subjected to an 1835-N distributed load.







Figure E.25 Wing deflection subjected to a 2269-N distributed load.
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